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(57) Abstract: A radio frequency 
aperture comprising a plurality of 
insulating layers disposed in a stack, 
each layer including an array of 
conductive regions, the conductive 
regions being spaced from adjacent 
conductive regions. Also disclosed 
is method of bending or steering 
radio frequency waves impinging 
an antenna. The method includes 
disposing a plurality of insulating 
layers arranged in a stack between a 
source of the radio frequency waves 
and the antenna, wherein each 
insulating layer includes an array of 

conductive regions, the conductive regions being spaced from adjacent conductive regions and forming capacitive elements. The 
capacitance of the capacitive elements in the plurality of insulating layers is adjusted as a function of their location in the plurality 
of insulating layers. 
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RADIO FREQUENCY APERTURE 

* 

Field of the Invention 

5 The present invention relates to a radio frequency aperture which may be placed in a 

RF beam for the purpose of steering the RF beam, focusing the rf beam and/or changing its 
polarization. 

Background and Brief Description of the Invention 

The present invention relates to an antenna aperture and to the material to be used in 
an antenna aperture. This disclosed material is capable of performing various functions on a 
Radio Frequency (RF) beam passing through it by behaving as a tunable dielectric. The 
material includes a plurality of layers, each layer containing an array of small electrically 

1 5 conductive, preferably metallic, plates disposed therein. The plates in each layer preferably 
overlap with those of the neighboring layers, thereby forming capacitors. The lateral 
dimensions of the individual plates preferably measure much less than one wavelength of the 
frequency or frequencies of interest for the RF beam so that the material can be considered as 
an effective dielectric medium, with the conductive plates behaving as lumped capacitive 

20 circuit elements as opposed to behaving as radiating elements of an antenna. 

Since each layer includes an array of plates and since the material includes a plurality 
of layers, a three-dimensional array of capacitors is provided which enhances the effective 
dielectric constant of the material. The dielectric effect is nonisotropic and depends on the 
density and arrangement of capacitors, so the dielectric tensor can be and preferably is, a 

25 function of location in the material. By moving, preferably by translational movements, each 
layer relative to its neighboring layers, the value of each capacitor, and thus the effective 
dielectric tensor, can be changed. In this manner, an arbitrary dielectric function can be 
obtained, and this dielectric function can be reprogrammed with only a small amount of 

* 

movement of individual layers in a three dimensional array formed by a stack of layers. 
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This material can be effectively used as an antenna aperture where it can behave as a 
quasi-optical element Having a programmable dielectric tensor allows it to perform a variety 
of operations in an antenna aperture. For example, it can be configured as a radio frequency 
lens or prism, to focus or steer a radio frequency beam, or as a quarter-wave plate, to convert 
5 a radio frequency beam between circular and linear polarization. Applications for such a 
material include tracking of one or more satellites and sending or receiving two polarizations 
of radio signals simultaneously from a single antenna installation. 

The present invention also provides a method of steering an RF beam over a wide 
angle with only a small mechanical movement being required, if any is needed at all. Prior art 
10 approaches for RF beam steering generally involve using phase shifters or mechanical gimbals.. 

■ 

With this invention, beam steering is accomplished by variable capacitors, thus eliminating 
expensive phase shifters and unreliable, bulky mechanical gimbals. The variable capacitors can 
be tuned with a relatively small differential mechanical motion, or alternatively, they can be 

tuned by electronic actuation, furthermore, using this approach if the layers in the material 

« 

15 are differentially moved in two orthogonal directions, then only two orthogonal controls are 
required to scan in two dimensions, eliminating the complexity of controlling many radiating 
elements independently. This invention does not depend on a particular feed method, and can 
be placed over an existing prior art antenna aperture of a dish antenna in order to add the 
functionality of beam steering to such a device. Furthermore, it can be used with receiving 

• * 

20 and/or transmitting antennas. 

♦ 

» 

This invention also provides a method for converting between linear and circular 
polarization, which is important for satellite communications. It also allows two signals with 
opposite circular polarization to be steered independently, thus allowing the possibility of 
tracking two satellites simultaneously. In the prior art, this would be accomplished using two 

* 

25 separate antennas. 

The present invention allows a RF beam in the microwave frequencies, for example, to 
be manipulated in much the same way that visible light is manipulated by optical lens' and/or 
by quarter wave plates. 
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Generally speaking the present invention provides a radio frequency aperture 
comprising a plurality of insulating layers disposed in a stack, each layer including an array of 
conductive regions, the conductive regions being spaced from adjacent conductive regions. 
5 In another aspect the present invention provides method of bending or steering radio 

frequency waves impinging an on antenna. The method includes disposing a plurality of 
insulating layers arranged in a stack between a source of the radio frequency waves and the 
antenna, wherein each insulating layer includes an array of conductive regions, the conductive 
regions being spaced from adjacent conductive regions and forming capacitive elements;. Also 
10 the capacitance of the capacitive elements in the plurality of insulating layers is adjusted as a 
function of their location in the plurality of insulating layers. 

Brief Description of the Drawings 

Figure 1 is a side view of a stack of elements with conduction areas formed in an 
overlapping arrangement to define capacitors; 

Figure 2 is a stack similar to that of Figure 1, but each layer has a slightly different 
lattice constant so that the over lap distance varies with position thereby imparting a gradient 
20 on the effect of dielectric constant; 

Figure 3 depicts the dielectric constant as it changes for the device shown in Figure 2; 

Figures 4a and 4b depict a stack of elements in plan view; 

Figure 5 shows an application of the device in which a beam passing through it is 
steered when the device acts as a graded index prism; 

■ 

25 Figure 6 shows an application of the device to focus it being passed into it by acting 

as a graded index lens; 

Figure 7 shows the plates of Figures 1 and 2 positionaly controlled by pins; 
Figures 8a and 8b show another technique for moving the plates relative to each other 
by the use of piezoelectric actuators; 
3 0 Figure 9 shows an antenna aperture consisting of a quarter-wave plate, a beam bending 
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plate, and a lens which may be combined into a single unit when used to steer incoming 
transmissions from a satellite to a LNA (Low Noise Amplifier) of the type typically 
associated with a dish antenna; 

Figure 10 shows the transmission phase through an embodiment of the structure 
5 shown in Figure 1; and 

Figure 1 1 shows the transmission phase through another embodiment 

Detailed Description 

1 0 The antenna aperture of the present invention includes a stack of layers 1 0, with each 

layer 10 containing an array of conductive plates 1 1 attached to or embedded in a dielectric 
material 13. The plates 1 1 preferably form a two dimensional array and are spaced and 
thereby isolated from one another in each layer 1 0. The plates 1 1 in each layer overlap the 
plates 1 1 in the adjacent layers, so that they form capacitors, one of which is depicted in the 

1 5 phantom line forming box 12. According to the embodiment of this invention illustrated in 
Figure 1, the individual layers are preferably formed using printed circuit boards and the 
plates 1 1 are preferably made of a metal such as copper conveniently etched using 
conventional printed circuit board fabrication processes. The dimensions of the plates and the 
thickness of the layers are much smaller than the wavelength of the frequency or frequencies 

20 of interest The effective dielectric constant of the material depends not only on the dielectric 
constant of the printed circuit board material, but also on the number of capacitors per unit 
volume, their value, and their arrangement For the geometry shown in Figure 1, the effective 
dielectric constant along the horizontal direction is given by the following equation: 

E *~dt(x x +x 2 ) 

* 

25 where: 

B e g= dielectric constant between the capacitor plates; 
a = period along the horizontal direction; 
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x } = overlap distance with the left plate; 

■ 

x 2 = overlap distance with the right plate; 

d- thickness of the material between the capacitor plates; and 
t = overall thickness of each layer. 

* 

As can be seen by reference to the foregoing equation, the effective dielectric constant 
depends on the overlap of each plate 1 0 with each of its neighbors, which overlap is given by 
the values x x and x 2 By applying a lateral shift of one layer relative to an adjacent layer, the 

product x 2 X2 changes, while the sum ( x 2 + ) remains relatively constant Thus, the effective 

10 dielectric constant depends on the lateral displacement of the layers. The array of plates 1 1 
can have a different period, and a different displacement along the two orthogonal directions, 

4 

so that the effective dielectric tensor will be non-isotropic, if desired. In effect, the material 

« 

behaves as a biaxial optical crystal, but it operates on radio waves as opposed to visual light. 
By providing each layer with a different lattice constant, the overlap distance can vary 
15 as a function of position in the stack. This is illustrated in Figure 2, in which the lattice 

constant of each layer is slightly larger than the layer above it If the layers are aligned so that 
the overlap is larger on one side than the other, the effect is a graded dielectric constant along 

■ 

that particular direction. Additionally, the orthogonal direction to that shown in Figure 2 may 
be provided with the same gradient, a different gradient, or no gradient at all. The effective 

20 dielectric constant is determined by the Moir6 pattern which is formed between lattices 
having slightly different periods. This is illustrated by Figure 3. 

The layers 10 are preferably disposed immediately adjacent each other to minimize 
any air gaps (or other voids) which might otherwise occur between the layers 10. Such air 
gaps (or other voids) are normally undesirable since they would reduce the capacitive effect of 

25 the adjacent plates 1 1 in the layers 10. 

* 

Figures 4a and 4b depict two adjacent layers 10 in a stack of layers with one layer 10a 

■ 

being shown in a solid line representation and the; other layer 1 0b being shown in a dashed line 
representation. In Figure 4a the capacitance gradient or tensor occurs in one direction only 

» 

while in Figure 4b the capacitance gradient occurs in two directions at the same time. Only 
30 two layers 10 are shown for ease of representation, it being understood that a stack would 
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typically comprising a plurality of layers comprising more than two layers 10. But the 
relative shifts in the periodicity of the two adjacent layers 10a and 10b shown by Figures 4a 
and 4b can be easily repeated through a stack of layers. 

In Figure 4a the plates 1 1 of the capacitors in layers 10a and 10b share the same 
5 periodicity along the y-axis while the plates in these two layers have a slightly different 
periodicity along the x-axis. Since the plates 1 1 of the capacitors have the same overlap along 

* 

the y-axis in Figure 4a, there is no capacitive gradient in the y direction for the layers of 

Figure 4a, while a capacitive gradient does occur along the x-axis due to the changing overlaps 

of the plates of the capacitors in that direction. 

10 In Figure 4b, the plates 1 1 of the capacitors in layers 10a and 10b have a different 

periodicity along both the x and y axes and hence the plates 1 1 of the capacitors have 

changing overlaps along both the x and y axes. As a result, the capacitive gradient changes 

along both the x and y axes for the configuration shown by Figure 4b. 

When an electromagnetic wave passes through a thin material with a graded dielectric 
ds 

1 5 constant — , the beam is bent according to the following equation: 

dx 

OX 



where 

20 T = thickness of the graded dielectric layer; and 
0= angle in radians. 



The previously described structures can mimic a graded index prism which can be 
turned in any direction, or have any desired slope, determined by making a small shift of the 
25 layers 10. This property can be used to steer a beam passing through the material, as shown 

* » 

in Figure 5, The angle of the beam is determined by the angle and magnitude of the shift which 
is applied to the layers. 

By arranging the structure so that the dielectric constant or capacitance is highest in . 
the middle, it can focus beam as is shown in Figure 6. In practice, both of these functions 
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« - 

would normally be used together or combined into a single unit, which would both collimate 
radiation from a source, and aim the collimated beam in a desired direction. 

The dielectric constant or capacitance of the layers is shown shifting in one direction 
only in Figures 5 and 6, but as can be seen from Figure 4b, the capacitive or dielectric gradient 
5 change in two directions at the same time, so the focussing shown in Figure 6 can occur in 

■ 

only one direction or in two directions as a matter of design choice. 

A technique for steering a RF beam is shown in Figure 7 in which a set of pins 14 are 
used to tilt the stack of plates in various directions. Since only a small mechanical motion is 
required to steer the beam over a large angle, this embodiment of the aperture would be 
1 0 effective for applications, such as tracking satellites, which move across the sky with a time 
scale in terms of minutes. Another possible method for moving the layers is to use 
piezoelectric actuators 16 as shown in Figures 8a and 8b. This type of actuator uses friction, 
and the small, repetitive motion of a piezoelectric transducer to produce a large motion in a 
step-like manner. As suitable piezoelectric actuator is presently available as a commercial 
1 5 product from MicroPulse Systems of Santa Barbara, California. 

The structures depicted by Figures 7, 8a and 8b are. effective to impart a relative 
' rectilinear movement to the layers 10 in a stack of layers along the x and y axes. Since the 
plates 1 1 are are depicted as being rectangular in Figures 4a and 4b, such x and y axis 
rectilinear movement is consistent since it certainly makes it easier to predict how the 

■ 

20 capacitive or dielectric gradient will change in response to such movement However, the 

plates 1 1 do not need to be associated with any particular coordinate system and the relative 
movement between plates does not need to be associated with any particular coordinate 
system, but the x and y coordinate system is preferred for arranging the plates 1 1 and 
rectilinear movement is similarly preferred for the relative movement between layers 10. 

25 If the lattice of conductive plates 1 1 is anisotropic, the effective dielectric constant 

depends on the direction of the applied electric field, as in a birefringent optical crystal. As 
such, the disclosed device can be used to mimic devices such as a quarter-wave plate, which 
are used to convert between linear and circular polarization. A quarter-wave plate is a slab of 
material in which the optical thickness differs by one-quarter wavelength in each linear 

30 polarization. If the gaps between the metal plates are small, and the plates are thin compared 
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to the dielectric space between them, the necessary geometry for a quarter-wave plate is 
determined by the equation below: 

■ 

5 where 

a = lattice constant in X-direction; ' 
b = lattice constant in Y-direction; 
e = background dielectric constant; 
X = wavelength; 
10 t = thickness of each layer; and 
T= overall thickness. 

Such a device can be used to receive signals from two satellites with opposite 
polarization, for example, and convert them into two orthogonal linear polarization. These 
1 5 may be bent in two different directions using the beam-bending plate shown in Figure 3 and 
Figure 4. For focusing, a lens function may be added by using either the focusing feature 
shown in Figure 5, or by using a shaped set of high dielectric layers with surfaces following 
classical geometrical optics designs (accounting for the tensor form of the dielectric constant) 

♦ 

The entire structure would be stacked to form a single unit, as shown in Figure 9. this would 
20 allow independent tracking of two different satellites with a single antenna, with the two 
signals distinguished by their polarizations. 

The methods described herein lead to a low cost method of constructing materials, 
known historically as biaxial crystals, and for changing their dielectric tensor in order to 
achieve independent control of e^, e^, e^. Such non-uniform crystals exhibit many useful 

25 and diverse properties found in a host of commercial optical devices. However, by virtue of 
this invention, the dielectric tensor that distinguishes one type of crystal from another can 
now be altered at will and utilized in the microwave and millimeter wave bands. 

The uses of the material disclosed herein extends beyond the quasi-optical 
components shown above in the foregoing figures. For example, the structure can be used to 
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mimic any structure which is defined by an effective dielectric constant, such as prisms, 
gratings, waveguides and the like. 

■ 

The structure depicted in Figure 1, has been simulated by a lattice of 2 mm square 
metal plates 1 1 on printed circuit boards, the plates 1 1 being separated from each other by 0.1 
5 mm in both the lateral and vertical directions. Thin printed circuit boards having a thickness of 
only 0.1 mm are readily available For example, polymide printed circuit boards are 
commercially available as thin as 1 'mil (0.025 mm) and therefor the disclosed structure with 
printed circuit board technology can be used in very hugh frequency applications, if desired. 
The simulated stack contained 24 individual layers, each initially offset from their neighbors 

■ 

■ 

10 by 1/2 lattice period. Plane waves were transmitted through the structure, and 1he phase was 
observed as the individual layers were moved. 

Figure 10 shows the transmission phase through this structure, indicated by the solid 
line curve. It also shows the transmission phase through another structure in which every 
other layer was translated vertically, in the direction normal to the plates, by 0.05 mm. This 

1 5 altered structure is indicated by the broken line curve. Half the capacitors increased in value, 
and half decreased in value. The net result was an increase in the effective dielectric constant, 
indicating that these capacitors appear in parallel with each other* This is indicated by the fact 
that the phase has shifted downward. If this phase shift depends on the position in the stack, 

■ 

then this structure can perform the previously discussed functions. 
20 Figure 1 1 shows the transmission phase through a structure in which every other layer 

is translated laterally by 0.5 mm. The solid line curve is for the initial structure, but the solid 
line curve also corresponds to a structure in which the translation is in the direction of the 
applied RF magnetic field. The overlap of these curves for these cases indicates that the 
lateral translation has no effect in this direction. The broken line curve is for a structure in 

■ 

* 

25 which the translation is in the direction of the applied RF electric field. Note the decrease in 
the effective dielectric constant, which is observed as a phase shift Also, note the 
polarization dependence of this effect, shown by the difference between the broken and solid 
curves. This characteristic allows for the production qf such devices as a microwave quarter- 
wave-plate. 

30 Having described the invention with respect to preferred embodiments thereof, 
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modification will now doubtlessly suggest itself to those skilled in the art." For example, while 
the layers 10 previously described herein are all of a planar configuration, there is no 
theoretical reason for limiting the invention to planar layers 10. Indeed, the layers could each 
assume a cylindrical or spherical configuration, for example, with each layer having a slightly 
different radius so that the can move relative to each other and at the same time be disposed 
adjacent each other. However, planar layers 10 are preferred since their use simplifies the 
construction of the disclosed structure. Additionally, while the preferred movement between 
adjacent layers 1 0 is rectilinear, any other relative motion could be utilized which realizes a 
change in capacitance to thereby effect a beam passing through the structure. In addition, the 

■ 

boards on which the plates of the capacitors are disposed can become quite thin depending on 
the choices made by the designer. If very thin plates are utilized, in order to keep them planar 
(or cylindrical, for that matter) they might well be used with other structures in order to help 

m 

maintain their shape. For example, the layers 10 disclosed herein could certainly be used with 
one or more sheets of material transparent to the frequencies of interest, such as glass or 

* 

acrylic sheets, to support the layers 10. As such, the invention is not to be limited to the 
embodiments described above except as required by the appended claims 
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CLAIMS 



5 1 . A radio frequency aperture comprising a plurality of insulating layers disposed in a 
stack, each layer including a two dimensional array of conductive regions, the conductive 
regions being isolated from adjacent conductive regions and wherein neighboring layers have a 
slightly different periodicity in at least one direction so that the effective dielectric constant of 
the radio frequency aperture varies along said at least one direction. 

* 

2. The radio frequency aperture of any one of claim 1, wherein said layers are disposed 
in the stack relatively moveable with respect to one another. 

m 

m 

3. A radio frequency aperture for steering an impinging RF signal, the aperture 

1 5 comprising a plurality of insulating layers disposed in a stack, each layer including a two 
dimensional array of conductive regions, the conductive regions being isolated from adjacent 
conductive regions. 



4. The radio frequency aperture of claims any one of claims 1 - 3, wherein neighboring 
20 layers have slightly different periodicity in only one direction and have a uniform periodicity 

in a direction orthogonal thereto. 

5. The radio frequency aperture of any one of claims 1-4, wherein neighboring layers 
have slightly different periodicity in two major axes of the layers. 

* 

6. The radio frequency aperture of any one of claims 2-5, wherein the layers are planar 
and wherein the movement between adjacent layers is rectilinear in a direction parallel to the 

. planes of said layers or is normal in a direction parallel to the planes of said layers.. 

30 7. The radio frequency aperture of any one of the preceding claims, further including 
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8. The radio frequency aperture of any one of the preceding claims, wherein said layers 
are disposed in the stack immediately adjacent one another. 

9. The radio frequency aperture any one of the preceding claims, wherein said insulating 
layers are printed circuit boards. 

1 0. The radio frequency aperture of claim 9, wherein said insulating layers are formed of 
10 polymide. 

1 1 . The radio frequency aperture of any one of the preceding claims, wherein said 
conductive regions are rectangularly shaped. 

15 12. A radio frequency aperture comprising a plurality of insulating layers disposed in a 
stack, each layer including a two dimensional array of conductive regions, the conductive 
regions being isolated from adjacent conductive regions, with at least one of the layers being 
moveable relative to another layer in said stack. 

20 13. A method of bending or steering radio frequency waves impinging an antenna, the 
method comprising: 

disposing a plurality of insulating layers arranged in a stack between a source of the 
radio frequency waves and the antenna, wherein each insulating layer includes an array of 
conductive regions, the conductive regions being spaced from adjacent conductive regions and 
25 forming capacitive elements; and 

adjusting the capacitance of the capacitive elements in the plurality of insulating layers 

■ 

as a function of their location in the plurality of insulating layers. 

14. The method of claim 13 wherein the step of adjusting the capacitance of the capacitive 
30 elements is performed by moving the insulating layers relative to each other. 
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1 5. The method of claim 14 wherein said conductive regions have rectangular 
configurations and wherein the movement of the insulating layer is rectilinear. 

1 6. The method of claim 1 5 wherein the insulating layers are planar. 

17. The method of any one of claims 13-16 wherein the step of adjusting the capacitance 
of the capacitive elements in the plurality of insulating layers is performed by adjusting a 
periodicity of the conductive regions relative to at least two adjacent layers along at least one 
direction in said layers. 

1 8. The method of claim 17 wherein the periodicity is adjusted in two directions in said 
layers. 

1 9. The method of any one of claims 13-18 wherein the radio frequency waves are 
focussed by the method, the capacitive elements providing a high capacitance in a center 
portion of each layer compared to peripheral portions of each layer. 

« 

20. The method of any one of claims 13-19 wherein the conductive regions on each layer 
are isolated from one anther and wherein the conductive regions are arranged in a two 
dimensional array in each layer, the periodicity of conductive regions in the layers being 
different in at least one direction for each layer in said stack. 
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